Abstract -In this paper, a novel 12/14 hybrid pole type bearingless switched reluctance motor (BLSRM) with short flux path and no flux-reversal in the stator is proposed. The proposed BLSRM has separated rotating torque and radial force poles. Because of independent characteristics between torque and radial force poles, radial force has excellent linearity according to rotor position and independent characteristics of the torque. Therefore, torque control can be decoupled from the radial force control. Moreover, in this motor, 2/3 of the stator poles are used for the toque and short flux paths are taken on and no fluxreversal in the stator core, compared to the existing 8/10 hybrid stator BLSRM, the output torque has been significantly improved. To verify the proposed structure, finite element method (FEM) is employed to compare the static characteristics of the proposed structure and 8/10 hybrid stator BLSRM. Based on the analysis, a prototype is designed and manufactured. Finally, validity of the proposed structure is verified by the simulation results.
I. INTRODUCTION In modern industrial field such as high speed machine tool, molecular pump, centrifugal pump, compressor and aerospace need high speed or ultra-high speed machine [1] . Many problems may happen, when traditional mechanical bearing is taken to bear the shaft of high speed machine. For example, the mechanical bearing can cause increasing of frictional drag, thermal problem and will be heavy wear in high-speed motor, which not only lead to reduce efficiency of machine and decrease service life of bearings, but also increase burden of maintenance for machine. In addition, lubrication oil cannot be used in high vacuum, ultra high and low temperature atmospheres [2] [3] .
Bearingless switched reluctance motors (BLSRM) not only have superior performance of switched reluctance motors (SRM) under special environments, because of their inherent advantageous features such as fail safe, robustness, low cost, and possible operation in harsh environments or high temperatures or high speed, but also have a good feature of bearingless motors, such as compactness, low cost and high power. Therefore, BLSRM can achieve the operation of high speed and ultra-high speed [4] [5] [6] .
Recently, several structures of BLSRM have been proposed. A radial force and torque control scheme was proposed for bearingless control of a 12/8 pole SRM [6] . In this structure, the regions of generating torque and radial force can not be fully utilized, because operating point has to be selected to compromise between torque and radial force. In the other report, one method for BLSRM with 8/6 type was introduced [7] , in which many numbers of switches and reverse torque are hard to avoid which restrict rotor speed. One hybrid rotor structure, called Morrison rotor, was presented [8] . In this structure, critical speed of rotor is reduced due to increasing in axial length.
A BLSRM with hybrid stator poles is proposed [1] . In the structure, only half of the stator poles are used for the torque. So power density is very low. Moreover, in this motor long flux paths are taken and flux reversal exists in the stator core, which may increase the magneto motive force (MMF) requirements and have higher core losses.
This paper presents a novel 12/14 hybrid pole type BLSRM with short flux paths and no flux-reversal in the stator. Different from the conventional BLSRM, the proposed BLSRM has two types of stator poles. One is torque pole; the other is radial force pole. Thus, radial force and torque can be controlled by corresponding stator poles. Because of independent characteristics between torque and radial force poles, radial force has excellent linearity according to rotor position. Moreover, in this motor, 2/3 of the stator poles are used for the toque and short flux paths are taken on and no flux-reversal in the stator core. Compared with 8/10 hybrid pole BLSRM, the output torque is significantly improved.
II. THE NOVEL BLSRM WITH HYBRID STATOR POLES AND SHORT FLUX PATHS
A. Conventional BLSRM Fig.1 shows typical structures of conventional BLSRM. Fig.1 (a) shows the suspending winding and only the phase-A torque winding of the 12/8 BLSRM. The torque windings consist of four coils connected in series. And the suspension windings consist of two coils. Fig.1 (b) shows 8/6 BLSRM with single winding. Although winding configurations on the stator pole of both structures are different, the main bodies of them are based on general SRM. Fig.2 shows ideal inductance, torque and radial force profiles of general SRM. It can be seen from this figure that the effective torque is generated from θ 1 to θ 3 and the available radial force is generated in the region from θ 2 to θ 4 . Overlap region between generating torque and radial force is from θ 2 to θ 3 . Ideally it is best for motor to operate in this overlap region. However, due to inherent principle of torque and radial force in SRM, this overlap region is very narrow. Therefore, operating point has to be selected to compromise between torque and radial force when using conventional structure. Accordingly, regions of rotational torque and radial force cannot be fully utilized. Therefore, current has to be increased and dwell angle should be moved toward aligned position to get enough radial force, which will lead to high copper loss and large negative torque. Therefore, efficiency will be reduced, thermal load will be increased and speed will be limited. Fig.3 shows the structure of 8/10 hybrid stator poles BLSRM. Different from conventional structure, two types of stator poles are included in this motor. One is torque pole; the other is radial force pole. And pole arc of radial force is selected not to be less than one pole pitch of rotor for producing continuous radial force. Due to the independent characteristics between radial force and torque poles, radial force has excellent linearity with rotor position. Therefore, compared with conventional BLSRM, the air-gap is easy to control. However, only half of the stator poles are used for the torque. Power density is very low. Moreover, in this motor long flux paths are taken and flux reversal exists in the stator core, which may increase the magneto motive force (MMF) requirements and have higher core losses.
B. 8/10 BLSRM with Hybrid Stator Poles

C. Proposed BLSRM
A novel 12/14 hybrid pole type BLSRM with short flux paths and no flux-reversal in the stator is proposed in Fig.4 . The proposed motor includes two types of stator poles. One is torque pole, which mainly produces rotational torque. The other is radial force pole, which mainly generates radial force to suspend rotor and shaft. Windings on the torque pole A 1 , A 2 , A 3 and A 4 are connected in series to construct phase A, and windings on the torque pole B 1 , B 2 , B 3 and B 4 are connected in series to construct phase B. Windings on radial force poles P s1 , P s2 , P s3 and P s4 are independently controlled to construct four radial force windings in x and y directions. At the same time, pole arc of radial force is selected to not be less than one pole pitch of rotor for continuous radial force.
Because of independent characteristics between torque and radial force poles, radial force has excellent linearity according to rotor position and independent characteristics of the torque. Therefore, torque control can be decoupled from the radial force control. Moreover, in this motor, 2/3 of the stator poles are used for the toque and short flux paths are taken on and no flux-reversal in the stator core, which will improve the power density, decrease the MMF and core losses. Table I shows the specifications of the two types motor. Fig.5 shows the magnetic flux distributions of 8/10 hybrid stator BLSRM when the radial force winding and torque winding are excited simultaneously. From the figure, it can be seen that the flux path is long flux path and flux reversal exists in the stator core, which may increase MMF requirements and core losses. Fig.6 shows magnetic flux distributions of the proposed BLSRM. As shown in the figure, the flux path is short flux path and no flux-reversal in the stator core, which will decrease the MMF requirement and core losses. Fig.7 shows the inductance profiles of the torque winding in both of BLSRMs. From the figure, it can be seen that the inductance changes obviously with the rotor positions in both of BLSRMs. It is because that the overlap area between torque pole and rotor pole is the function of rotor position. However, the slope of the torque winding inductance in the proposed BLSRM is larger than that in 8/10 hybrid stator BLSRM, which is caused by the different torque winding turns and torque poles arc in both of structures as shown in Table I .
A. Magnetic Flux Distribution
B. Inductance characteristics
The inductance profiles of radial force winding in both of BLSRMs are shown in Fig.8 . As shown in the figure, in both of BLSRMs, inductance characteristic of radial force winding changes very small for different rotor positions with the same phase current. It is because that the pole arc of radial force pole is not smaller than one rotor pole pitch. Accordingly, overlap area between radial force and rotor pole is constant. But the inductance generated by the 8/10 hybrid stator BLSRM is larger than the proposed one. It is because that the radial force winding turns and pole arc in 8/10 hybrid stator BLSRM is larger and wider than the proposed one.
From Fig.7 and 8 , it can be found that, due to the core saturation effect, maximum inductances of two types of windings decrease with the increasing currents ， but the saturation effect is not so much when the torque winding or radial force winding is conducted, respectively. It is due to considering that torque winding and radial force winding are always conducted together in BLSRM. 
C. Torque Characteristics
The torque is proportional to the square of the current and change ratio of inductance with respect to rotor position. Therefore, torque profiles are determined by inductance profiles. Fig.9 shows the torque profiles of torque winding in both of BLSRMs. As shown in the figure, with the same torque current, the torque generated by the proposed BLSRM is larger than that of 8/10 hybrid type's. It is because that the slope of the torque winding inductance in the proposed BLSRM is larger than that in 8/10 hybrid type. In order to explain the merits of the proposed structure clearly, the average torque of the proposed structure and 8/10 structure are shown in Fig.10 . The torque profiles with fixed torque current (I A =2 A) and different radial force current are shown in Fig.11 . From the figure, it can be seen that the effect of radial force current to torque is very small in both of BLSRMs. It is because that the inductance profiles of the radial force winding are almost constant with respect to rotor position. Accordingly, the rate of change of the inductance with respect to rotor position is very small. Therefore, the radial force current has almost no effect on torque, which means that torque control can be decoupled from radial force control in both of BLSRMs. Fig.12 shows radial force profiles of radial force winding. In 8/10 hybrid stator BLSRM, the radial force is generated by radial force winding P x4 , while in the proposed structure, it is generated by radial force winding P s1 . As shown in the figure, the radial forces in x-and y-directions are increased according to the current. And as the variation of rotor position, radial force in x-direction changes a little, while radial force in ydirection is almost constant with the same current in both of structure. Compared with 8/10 hybrid type, the value of radial force generated by the proposed BLSRM is smaller than that in 8/10 hybrid stator BLSRM, but it is enough for the steady suspension of proposed structure, which will be verified later.
D. Radial Force Characteristics
The radial force profiles with fixed radial force current 2 A and different torque current are shown in Fig.13 . As shown in the figure, the effect of torque current to radial force is very large in 8/10 hybrid stator BLSRM, while in the proposed structure, it is small enough to be ignored if compared with the radial force generated by the radial force winding. Therefore, the proposed structure is easier to control than 8/10 hybrid type. 
E. Eccentric Effect of the Rotor
When the rotor has eccentricity in negative x-direction as shown in Fig.14 , the torque profiles with fixed torque current (I A =2 A) at different eccentricity are shown in Fig.15 (a) . As shown in the figure, the peak value of torque increases a little with increasing eccentricity. It is because that the air-gap distribution changes when the rotor has eccentricity. The airgap between stator poles A 1 , A 2 and rotor decreases, while the air-gap between stator poles A 3 , A 4 and rotor increases. As known, if neglect the saturation and fringing effect, the torque is inversely proportional to the air-gap length. Therefore, the torque generated by the winding on stator poles A 1 and A 2 increases and decreases when generated by the winding on stator poles A 3 and A 4 . But increment speed of torque generated by the winding on stator poles A 1 and A 2 is faster than decrement speed of toque generated by the winding on stator poles A 3 and A 4 . So the total torque will be increased. For instance, when the rotor is in normal position, the air gap is g, the torque generated by the winding on stator poles A 1 and A 2 and the one generated by the winding on stator poles A 3 and A 4 are equal to T. Accordingly, the total torque is 2T. When the rotor has a eccentricity 1/2g in the center of negative x-direction and positive y-direction, the air-gap between stator poles A 1 , A 2 and rotor is g, and the air-gap between stator poles A 3 , A 4 and rotor is 3g, so the torque generated by the winding on stator poles A 1 and A 2 is 2T, while the torque generated by the winding on stator poles A 3 and A 4 is 2/3T. Accordingly, the total toque is 8/3T, which is larger than 2T. It means that the total torque is increased.
The torque profiles with fixed radial force current (I s4 =2 A) at different eccentricity in negative x-direction are shown in Fig.15 (b) . The variation and peak value of the torque generated by radial force winding is much smaller than the one generated by torque winding. It is because that the pole arc of radial force pole is not smaller than one rotor pole pitch.
Although the air-gap distribution changes with rotor eccentricity, overlap area between radial force and rotor pole is constant. Accordingly, the slope of inductance with respect to rotor position is very small. Fig.16 shows that the variation of the radial force generated by the torque winding A, which is very large with different eccentricity in negative x-direction. Moreover, as the eccentricity increases, the value of radial force in negative xand positive y-direction also increases. Since the air-gap between stator poles A 1 , A 2 and rotor is smaller than the one between stator poles A 3 , A 4 and rotor, when the rotor has eccentricity in negative x-direction. Accordingly, the flux density in air-gap between stator poles A 1 , A 2 and rotor is larger than the one between stator poles A 3 , A 4 and rotor. Therefore, an unbalanced magnetic poll force is generated along the center of the stator poles A 1 and A 2 direction, which can be divided into two forces: one is along the negative xdirection; the other is along positive y-direction. 17 shows the radial force profiles of the radial force generated by the radial force pole P s4 with different eccentricity in negative x-direction. It can be seen that the value of radial force in x-and y-direction decreases with increasing eccentricity. It is because that the air-gap between the stator pole P s3 and rotor and the air-gap between stator pole P s4 and rotor increase, when the eccentricity increases in negative x-direction. Accordingly, the flux density in these areas decreases with increasing eccentricity in negative xdirection. 
F. Prototype Motor
Based on the above analysis, a prototype of the proposed BLSRM is designed and manufactured as shown in Fig.18 . The main parameters of the prototype motor are shown in Table I . Fig.19 shows the control scheme for the proposed BLSRM. As shown in the figure, a PI type speed controller is adopted to regulate the motor speed. PWM duty ratio can be obtained from current controller denoted as CCS. Rotor radial displacements can be regulated with two independent closeloop air-gap displacement controllers, one for x-and the other for y-direction, respectively. These two PID controllers generate the desired radial force commands, F x * and F y *, to keep the rotor positioned at the center. Fig.20 and 21 show the simulation results of the prototype motor when the rotor is stationary. In the simulation, two 10 N loads are applied to the rotor shaft at x-and y-direction simultaneously. In the x-direction, initial eccentric displacement is -120 μm. In the y-direction, initial eccentric displacement is -90 μm. Radial force currents are controlled to move the rotor to the center position. From Fig.20 , it can be seen that the rotor can be kept in the center position. When the rotor is steadily suspended, 0.1 N.m torque load is applied to the rotor shaft, and torque currents are injected to accelerate the rotor to 1000 rpm. Fig. 22, 23 and 24 show the simulation results of the proposed structure. From Fig.22 , it can be seen that the rotor can still be steadily suspended. Compared with the 8/10 hybrid stator poles BLSRM, the proposed BLSRM not only inherits its advantages, but also increases the output torque. Characteristics such as magnetic flux distribution, inductance, torque and radial force profiles are analyzed by FEM. Eccentric effect of the rotor is also analyzed. The validity of the proposed structure is verified by the simulation results.
